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ABSTRACT

GRS has performed a PSA level 2 for a modern German pressurized water reactor (Konvoi-type) with 1400 MWe for accidents initiated by plant internal events during power operation [1]. The PSA employed the classical method of an event tree analysis where the determination of branching probabilities is done by expert judgement based on a relatively small number of various deterministic accident analyses. The probabilistic methodology is similar to the NUREG-1150 study. 

In addition to this PSA an advanced methodology of probabilistic dynamics (MCDET) was used to perform a dynamic event tree analysis [2]. The MCDET-method is a combination of Monte-Carlo-Simulation and the Dynamic-Event-Tree method. MCDET was realized as a set of software modules which were suitably connected with the integral accident analysis code MELCOR. The MCDET methodology was developed to consider time dependent interactions of stochastic events and the process dynamics. Within this application a sample of approximately 9800 accident sequences were computed. To each accident sequence the respective set of events and the probability of occurrence are attached. Since these approach needs much computing resources, its application was restricted to the in-vessel phase of a station blackout (SBO) accident up to RPV failure.

The paper gives a short summary of the PSA and its results as a whole. It then concentrates on the SBO high pressure event progression. Three different effects can lead to a pressure reduction and possibly to a reflooding of the core: Pressure relief by plant personnel, failure of hot piping, or stuck open safety valves. Classical event tree analysis predicts that most of the SBO event progressions eventually lead to low pressure scenarios. The MCDET analysis is compared to this result. 
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1 Introduction
In recent years GRS has performed a PSA level 2 for a 1400 MWe PWR of the “Konvoi” type [1]. These analyses have been done within various contracts, commissioned by federal ministries. The following paper is mostly based on this work.
The various possible plant states at the beginning of core melt (called core damage states – CDS) are the starting point for the PSA Level 2 analyses. Together with their frequencies these CDS have been determined by a PSA level 1. This PSA level 1 takes into account accident mitigation measures such as secondary and primary bleed and feed. The overall mean value for the frequency of all CDS due to internal initiators during full power operation is about 2.5 E-06/a. Although primary pressure relief is foreseen as a mitigation measure and taken into account in the PSA, about 26% of all CDS still have high primary pressure above 10 MPa, 27 % are in the range between 1 and 10 MPa, and 47% have a pressure below 1 MPa. The main reason for the failure of the primary pressure relief is that the operators may not be aware of the incipient core melt or that they do not have time enough to perform the measure before the core begins to melt.

The potential risk of high pressure core melt scenarios is significant. In particular there is concern about the high pressure failure of the RPV bottom under core melt attack. It could lead to a lift off of the RPV due to the thrust force, or to a significant pressure increase in the containment when the hot core materials together with water and hydrogen emerge from a bottom leak (so called direct containment heating – DCH). These processes threaten the containment integrity. 

One of the important issues in a PSA level 2 is whether a high pressure core melt scenario would develop into a low pressure scenario before the RPV bottom fails. If the pressure relief takes place early enough, low pressure emergency core cooling systems (which could not inject into the RPV during the high pressure phases) might flood the core and stop the core degradation process, preventing a RPV failure. 

Within the PSA level 2 three mechanisms have been taken into account as causes for potential pressure relief:

· Manual depressurisation by the plant staff. (This should have been accomplished before core damage, but if it fails, one should assume that the efforts to depressurise continue and have some success probability.)

· Failure of hot components of the primary circuit. (Since the circuit is at high pressure, the very hot gases emanating from the degrading core might lead to failure.)

· Failure of one of the pressurise safety valves in an open position. (If the pressure is at the operating limit, the safety valves will repeatedly open and close under beyond design conditions. This might lead to a stuck open failure mode.)
The following sections will show how these issues have been dealt with in a conventional event tree analysis [1]. Since they are important contributions to the overall PSA result, the analysis was repeated by a dynamic event tree technique (see companion paper by Sonnenkalb et al. at this workshop [3]). This second method and its results will be presented afterwards. 
2 Conventional event tree analysis

The following sections show the approach which has been employed in the “conventional” event tree analysis. This analysis has been performed for all core damage states from all initiating events. 
Since the basic method is well known, no further explanation is given here. A Monte Carlo simulation has been employed to sample data where limited knowledge exists (epistemic uncertainties). These uncertain parameters are described below.
2.1 Manual depressurisation of primary system
Within the PSA level 1 the success probability for the manual depressurisation before core melting has been analysed using standard methodologies to evaluate these human actions. The same method has been continued into the level 2 domain after core melting. To each CDS the probability for a successful manual depressurisation after the beginning of core melting was attributed. The term “successful” means that the depressurisation begins not later than 3000s after the CDS. Analyses showed that this is the minimum time required until RPV failure. Depending on the accident evolution, mean success probabilities between 0.0 und 0.94 have been used (these are mean values; distributions have been employed in Monte Carlo simulation). When considering the rather low success probabilities, it has to be taken into account that the previous initiation of the depressurisation was due before core melt and that it has failed – otherwise there had not been a high pressure core melt scenario.

2.2 Failure of hot coolant lines

MELCOR analyses of the core degradation process have been employed to determine the temperature evolution in critical components. It turned out that the most likely failure positions would be the hot leg and the pressuriser surge line. The steam generator tubes are much less affected and the design of any other components (e.g. seals of the main coolant pumps) does not allow such a failure mode. 

The temperature evolution of the hot leg depends on the core degradation process. During this process the energy release from the zirconium oxidation and hydrogen production is higher than the decay heat. Consequently the heat production and the temperature evolution of the primary piping are to some extent correlated to the hydrogen production rate. In the event tree analysis, based on expert judgement, the highest hydrogen production (up to 1200 kg) was linked to the highest hot leg temperature (1350 K) and the lowest hydrogen production (400 kg) resulted in the lowest temperature (1050 K). Between these extremes a homogeneous distribution had been assumed. 
Detailed structural analysis with a finite element code was done for the hot leg and the surge line. The failure temperature at operating pressure was determined between 1093 K and 1118 K (uniform distribution) for the hot leg and around 1253 K for the surge line. Failure temperatures for pressures below the operational pressure were extrapolated on the basis of material properties. 

In each Monte Carlo simulation of the event tree a combination of maximum temperature and structural mechanics results was sampled independently. Finally, a rather high failure probability for the hot leg has been determined (results see below).
2.3 Stuck open safety valve

Before the core relocates into the lower plenum of the RPV, the safety valves on top of the pressurizer do not experience extreme conditions. Their failure probability in this phase of the accident has been neglected. When the core relocates, it gets into contact with the remaining water in the lower plenum, and there will be a significant surge of very hot gases, reaching up to 1000 K in the pressurizer. The failure probability of the safety valves under such conditions is very uncertain. It has been assumed to fail in 50% of all Monte Carlo simulations for the event tree evaluation.
2.4 Assumptions on pressure evolution for small leaks in the primary system
The previous sections deal with scenarios where the primary pressure is always near the operation pressure. This type of accident occurs if there is no leak in the primary system. However the PSA shows that there is a relatively large fraction of CDS with small leaks in the primary system. The RCS pressure is in an intermediate range in such events. When the core relocates into the lower plenum, there is a significant pressure increase in the primary system. This pressure has been estimated by a special subroutine within the event tree analysis. This subroutine performs the steam explosion analysis as well, taking into account many uncertain parameters. It is beyond the scope of this paper to present the details. 

2.5 Retention of degraded core within RPV

As long as high pressure is in the primary system, the emergency core cooling systems cannot deliver water into the RPV. If the depressurisation is early enough and the systems are available, the core might be contained within the RPV. 

The following assumptions have been made:

· The availability of the low pressure and high pressure emergency core cooling systems is one of the properties of each CDS. This availability has been evaluated within the PSA level 1 and transferred into the level 2 event tree analysis. The time of depressurisation is estimated by the above mentioned models for pressure relief.
· A dependency between the degree of core degradation and the probability for a successful cooling after RPV flooding is derived from a limited number of integral code calculations. Simple correlations based on expert judgement have been developed. They are directly linked to the event tree analysis.

2.6 Discussion and main results
The previous sections give a short impression on the process to model the RPV depressurisation and degraded core cooling within a conventional event tree. The advantage of this method is a rather simple and fast running simulation. However, the following main difficulties have been encountered:

· The sequence of events and branching points in the event tree has to be predefined by the analyst. In this case the first branching was attributed to the manual depressurisation, the second to the failure of the hot leg, and the third to the stuck open valve. So, if the manual depressurisation is successful within the first 3000 s of the accident, it will not be asked whether the structural failure might perhaps occur prior to this. This fixed sequence will probably not affect the overall result very much, but it can impede the identification for the cause of a depressurisation.

· Most parameters which influence this evaluation (e.g. structural temperature evolution at different locations, pressure history and coolability) have to be derived from a limited number of integral accident analyses. The associated uncertainties are large and subject to the analyst’s opinion. However the analyst is free to enter his own evaluations if he thinks that the accident analysis is not sufficient. 
One of the main concerns in a PSA level 2 is the high pressure RPV bottom head failure in a high pressure core melt accident. Results from [1] will be given below for a station black out (SBO) as initiating event first, and then for all core melt accidents with elevated pressure (initiating events are SBO, other transients and small leaks).

The classical event tree method predicts that the mean conditional probability P for a high pressure RPV bottom failure is about 10 % of the core damage states after a SBO [1]. In the cases without high pressure RPV failure the conditional probability for low pressure RPV failure is about 76%. Consequently the conditional probability for intact RPV bottom is about 14%. The bigger part of this fraction (13%) has at least partial core relocation into the lower plenum. Only about 1% of the SBO core damage states end up with retention of the core material in the original core (see Fig. 1).



Fig. 1:   Evolution of a SBO accident in a PWR with high pressure at beginning of core melt 













Fig.2 
   Principal representation of the pressure evolution in the reactor coolant loop from core damage states with elevated pressure until RPV failure (numbers indicate mean probability over all core damage states, LP= low pressure)
Figure 2 shows the principal representation of the pressure evolution in the reactor coolant loop from core damage states with elevated pressure until RPV failure The mean conditional probability for a high pressure RPV bottom failure is about 3.9 % of all core damage states, or 7.7% of all core damage states which have no low pressure primary circuit. The most important contribution to pressure reduction is the failure of a main coolant line. However, the other mechanisms (manual depressurisation, stuck open valve) are not negligible. It is interesting to note that core damage states with medium pressure significantly contribute to high pressure RPV scenarios.
3 Monte Carlo Dynamic Event Tree (MCDET) analysis

The following sections show the approach and the assumptions which have been employed in the MCDET analysis. The principal idea is to couple an integral code (MELCOR) with a stochastic module, where the interaction of dynamics and stochastics is explicitly taken into account. The issues which are subject to stochastic (aleatory) uncertainty are sampled according to specified probability distribution functions, producing a set of input data and related probabilities for the runs of the integral code. For a more detailed description of the methodology see companion paper by Sonnenkalb et al. at this workshop [3].

This procedure requires substantial computing resources. Therefore it was not possible to consider all initiating events and CDS. It was restricted to accident sequences following a station black out (SBO). The main assumptions are as follows: 
· At the beginning of the transient SBO, the reactor is shut off automatically and the main coolant pumps of all 4 loops fail at once. 
· The power supply provided by batteries is available. 
· The auto​matically driven pressure control by the pressurizer relief valve and two safety valves are principally available, but their opening and closing function, if demanded, are subject to stochastic effects. 
· If the system reaches a critical state, the operator gets a signal indicating him to execute a manual pressure relief of the primary system. 
· The time the operator will need to execute the pressure relief is assumed to be a continuous stochastic variable. 
· During the manual depressurisation the valves can stuck close with a certain probability. 
· Coolant injection from safety injection systems depends on stochastic events concerning:
· the time of power sup​ply recovery, 
· the availability of high pressure (HP) and low pressure (LP) injection pumps after power supply was recovered, 
· the time needed to successively switch-on the 4 loops of emer​gency core coolant systems (ECCS) after power recovery and 

· the function of the source isolation of each hot- and cold-leg.
· All probability distributions of the stochastic variables are based on data of operational experience, and expert judgement. In the present application only aleatory uncertainties were considered, while identified epistemic quantities were represented by their mean values.

Further assumptions of this analysis are described below in more detail.  

3.1 Manual depressurisation of primary system

The signal for the operator crew to perform manual depressurisation of the primary system is determined by the dynamic code according to the emergency operating procedures of the respective plant. The signal is activated, if the temperature in the RPV exceeds 673.7 K or if the fluid level in the RPV decreases below 7.5 m .The time when the signal for manual depressurisation is activated varies between 4500 and 6100 s after the initiating event. The variation depends mainly on the previous failure times of one or more depressurisation valves and on the respective failure modes (fail to open or fail to close). 

It is assumed, that the time the operator will need to execute the manual depressurisation is a random variable which is distributed according to a Histogram distribution, which is specified as follows:  
· with a probability of 0.5 the time is between 300 - 600 s, 
· with a probability of 0.3  between  600 - 900 s, 
· with a probability of 0.15  between 900 - 1200 s and 
· with a probability of 0.05 between 1200 - 3600 s. 
Within the intervals, time is uniformly distributed. Generally, uncertainties for the probabilities of the time intervals have to be treated as epistemic uncertainties, although in this application only aleatory uncertainties were considered.

The time when the signal for manual depressurisation is activated varies between 4500 s and 6100 s. The variation depends mainly on the previous failure times of one or more depressurisation valves and on the respective failure modes (fail to open or fail to close). While the operator executes the manual depressurisation of the primary system, the pressurizer relief valve as well as the two safety valves - if they didn’t fail randomly at an earlier point in time – may fail to open with a probability, which depends on the demand cycle of the respective valve. The random law of valve failure depending on the demand cycle is explained in chapter 3.3.                               
3.2 Failure of hot coolant lines

During core melting the temperature of the reactor coolant line and the surge line increases. From information of structural mechanics calculations it is assumed that the failure temperature for the reactor coolant line is between 1023 - 1103 K and for the surge line between 1183 - 1273 K.  The failure temperatures in these intervals are assumed to be uniformly distributed. 
Because the uncertainties of the failure temperatures are treated as state of knowledge (epistemic) uncertainties, in this application the mean values of the above mentioned distributions are used as corresponding failure temperatures. That is, 1063 K for the reactor coolant line and 1228 K for the surge line. If the failure temperature is exceeded, the respective line is assumed to break which implies a depressurization. If the pressure decreases a coolant injection by high-pressure and/or low pressure pumps is activated  under the condition, that the power supply has been recovered and which trains of the ECCS were switched on successively at this point of time.  The coolant injection by accumulators however would be possible even if the power supply was not yet recovered.                        
3.3 Stuck safety valve

Each failure mode of the depressurization valves (stuck open or stuck close) are explicitly considered in the dynamic event trees. The probabilities of the respective failure modes are depending on the number of the demand cycles which the respective valves have seen. For the determination of the conditional failure-probability of a stuck open valve it is assumed, that at the first demand the probability is 6.E-2 for the relief valve and 6.E-3 for the two safety valves respectively. At the second demand, it is assumed, that a possible blocking before the first demand has disappeared. For that reason the failure probabilities of the second demand are 0.1 of the failure probabilities of the first demand, respectively. With increasing number of demands the failure probabilities increase linearly assuming, that at the 50th demand the failure probability is 10 times as high and at the 100th demand 50 times as high as the failure probability of the second demand, for each valve respectively. According to these assumptions the corresponding conditional probability distribution for a stuck open (close) valve was generated. The generated probability distribution was taken to sample a demand cycle, at which the respective valves randomly stuck open. Directly connected with the sampled demand cycle, the corresponding failure times of the respective valves are given.  

All assumptions and probabilities are based on data of operational experience and expert judgment.            
3.4 Assumptions on pressure history
The pressure history within the primary system is one of the key parameters which are calculated by the integral code MELCOR in this case. Therefore the uncertainty which is related to this pressure can be attributed to uncertain input parameters. In the present MCDET analysis uncertainties, for example in the pressure history, are caused only by stochastic variations of specified random variables (aleatory). State of knowledge uncertainties (epistemic) of MELCOR input parameters (e.g. particulate debris diameter) or uncertain quantities, which were used as assumption to derive the above mentioned probability laws, in this MCDET analysis have not been considered. 

Nevertheless, it proves to be important to see, what variability (uncertainty) can be expected when stochastic variability and the dynamic-stochastic interaction is taken into account.  This variability generally is neglected in the conventional PSA. 
However this issue demonstrates one of the limitations of this approach. If the analyst does not agree with the way the code calculates a certain topic (e.g. pressure surge due to core relocation into lower plenum), the analyst cannot simply introduce his preferred model or data. Instead he is bound to the possibilities of the code, including its weaknesses.

3.5 Retention of degraded core within RPV

The pressure in the primary system is dynamically calculated by MELCOR, depending on several stochastic events influencing the dynamic process. If the pressure is sufficiently low, for example after manual depressurisation of the primary system, the accumulators can inject their coolant inventory. This is true, even if the power is not yet recovered. If power supply has recovered and one or more trains of the ECCS have been successfully switched on the respective high pressure and/or low pressure injection pumps can start coolant injection. 
Analysing the results of the probabilistic dynamics calculations, probabilities were specified that the UO2-melt mass evolutes towards specified classes under high pressure conditions (pressure > 8 MPa). The classes which were specified for the melt mass were, for example, > 75000 kg, 62500 – 75000 kg , 50000 – 62500 kg, … , < 12500 kg.  Depending on the UO2 melt mass classes, probabilities were derived by a functional relationship that the core is still coolable, given the produced UO2 melt mass extent. If retention is not possible, RPV failure may occur. The probability of RPV failure under high pressure conditions was calculated from the probability that the core is not more coolable and that the high pressure condition would not last longer than 800 s.
3.6 Discussion and main results

The previous sections give a short impression on the process to model the RPV depressurisation and its consequences within the dynamic event tree approach. The advantage of this method is that it produces a wide spectrum of possible accident sequences which are not confined by the conventional event tree structure. It is for example possible that the sequence of events may be different in different simulations. Many simplifying and restricted assumptions, which have to be done in the conventional analysis, are not necessary. Additionally, the dynamic event trees which were generated are time dependent and can be analysed according to a time-event-plane or a time-process-plane. From the results of the MCDET analysis probabilistic statements can be derived concerning many different and detailed questions, which could not be answered otherwise.

Because a very wide spectrum of sequences of a SBO have been calculated, the computations were rather time consuming. This was the reason that only the SBO was analysed with restricted process time to the in-vessel phases respectively max. 12000 s after the initiating event. For the calculation of about 9800 accident sequences a time of about 3 to 4 weeks was needed, using 8 IBM processors. But, because the MCDET methodology is suited to take advantage of parallel processors, the time consuming calculation should not be a fundamental difficulty, taken into account the huge amount of detailed results we get with this kind of probabilistic dynamics.  

As it was noted before, only aleatory uncertainties have been considered in the MCDET analysis, although epistemic uncertainties have been specified as well.  Because of the above mentioned consuming computer time, it is obvious, that a repetition of ,for example,  100  MCDET analyses with varying epistemic quantities is not practicable, even if we can use a powerful parallel computer. For that reason a first method was developed which allows an approximate uncertainty analysis [4].  This approach would require only one additional MCDET analysis – as it has been done with aleatory uncertainties alone – where together aleatory as well as epistemic uncertainties are varied. The necessary additional MCDET analysis for an epistemic uncertainty analysis was not performed, because of the limited time and funding of the project. But principally it is possible. As far as we know, no such method for a sensitivity analysis has been developed up to now.  

The main results which are comparable to Fig. 1 are shown in Fig. 3 (mean values of all simulations for the SBO). The conditional probability P for a high pressure RPV bottom failure is about 1.8 % (conventional analysis 10 %) of the core damage states after a SBO [1]. In the cases without high pressure RPV failure the conditional probability for low pressure RPV failure is about 81.5 % (conventional analysis 76 %). So, if the absorber material starts to melt at high pressure (> 8.E6 MPa), a RPV low pressure failure is rather likely to occur and the conditional probability for intact RPV bottom is about 16.7 % respectively 6.8 % + 9.9 %  (conventional analysis 14 % respectively 13 % + 1 %). This in good agreement with the estimation of the conventional method, but the conventional analysis shows that the bigger part of the intact RPV has at least partial core relocation into the lower plenum (see Fig. 3).  

                                           


Fig. 3:  Results from MCDET analysis - evolution of SBO accident in a PWR with high pressure at the beginning of core melt  

A large amount of more detailed probabilistic statements can be derived from the results of the MCDET analysis. For example:  

· In the case of HP sequences, the corium retention in RPV lower plenum is 41.5 %,   where the corium retention in the core region is  56.7 %.  

· In the case of LP sequences, the corium retention in RPV lower plenum is 0.6 %,  where the corium retention in the core region is  17.9 %.  

With a conditional probability of 95 % the absorber material starts to melt at high pressure     (p > 8 MPa) between 7700 s -  9600  s after the initiating event SBO.       

4 Comparison of Methods and Results

The classical approach is an event tree which covers the issues of the PSA level 2, i.e. the phenomena after the core has begun to melt until and beyond containment failure. The MCDET analysis contains the issues between the initiating event and the RPV failure. Consequently there is only a limited overlapping field where both approaches can be compared directly. These are the processes from incipient core melt until RPV failure. Since this paper deals with the depressurisation issue for high pressure core melt accidents, any sequences or cases which have low pressure core damage states have to be dismissed from this evaluation. It is worth noting that this means to ignore most of the sequences in the dynamic event tree analysis, which sum up to a total probability of more than 99 %. 

One of the main concerns in a PSA level 2 is the high pressure RPV bottom head failure in a SBO core melt accident. The classical event tree method predicts that the mean conditional probability for a high pressure RPV bottom failure is about 10 % of all core damage states after a SBO [1]. The respective conditional probability from the MCDET analysis is about 1.8 %. Taking into account the considerable uncertainties involved and the different approaches chosen, this is a satisfying agreement. It should be noted that no epistemic uncertainties have been taken into account in the MCDET analysis. Nevertheless, it would be interesting to know which additional uncertainty would arise from the specified state of knowledge uncertainties.    
The rather satisfying agreement of the conditional probabilities of RPV bottom failure should, however, not suppress the fact that both methods have different probabilities for the event sequences which lead to the comparable results. This will be shown below.

In the cases without high pressure RPV failure the conditional probability for low pressure   RPV failure in the classical event tree is about 76 %. Consequently the conditional probability for intact RPV bottom is about 14 %. The bigger part of this fraction (13 %) has at least partial core relocation into the lower plenum. Only about 1 % of the SBO core damage states end up with retention of the core material in the original core.

The respective values from the MCDET-analysis are as follows. The conditional probability of low pressure RPV failure is 81.5 % under the condition of an incipient high pressure core melt. The conditional probability of no RPV failure with core relocated into lower plenum is estimated as 6.8 % and the probability of no RPV failure with core remaining in original position is about 9.9 %.  The statement of the conventional event tree analysis that the main part of the corium retention is in the RPV lower plenum can not be confirmed by the results of the MCDET analysis. A further investigation should be performed to explain such kind of differences   
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